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We have found the new hidden symmetry of time reversal light-atom interaction in the photon 

echo quantum memory with Raman atomic transition. The time-reversed quantum memory pro- 
£C) vides generalized condition for ideal compression/decompression of time duration and wavelength 

y—i conversion of the input light pulse. Based on a general analytical approach to this scheme, we 

have studied the optimal conditions of the light field compression/decompression in resonant atomic 
CN| systems characterized by realistic spectral properties. The demonstrated effective quantum conver- 

(— i sion of the light waveform and wavelength are also discussed for various possible realizations of the 

quantum memory scheme. The performed study promises new capabilities for fundamental study of 
h— 5 the light-atom interaction and for deterministic quantum manipulation of the light field interested 

for quantum communication and quantum computing. 

, , PACS numbers: 03.67.-a, 03.67.Hk, 42.50.Md, 42.50.Ex 
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Q j dynamics 

+-> 

qH I. INTRODUCTION 

I Time reversal dynamics of light and multiatomic systems is in the heart of the long-term investigation related to the 

background of classical and quantum thermodynamics pQ , and CPT symmetry [2] and symmetry of quantum mechanics 
and electrodynamics equations [3]. Discovery of nuclear spin echo [4] and its numerous analogies, such as electron 
spin [5] and photon echoes [B] have stimulated detail study of irreversibility and new experimental methods providing 
longer time reversal dynamics in the various multi-particle systems. Great insight has been achieved in experiments 
on so called magic-echo for dipoler coupled nuclear spins [7 . Surprising recovery of initial state in this strongly 
t-H interacted multi-particle system is experimental realized by impact inversion of dipole-dipole Hamiltonian (really 
only in part) that provides almost full time reversal nuclei spin dynamics. Realization of such generic Hamiltonian 
approach promises large capabilities for coherent control of resonant atoms coupled with each other and with external 
resonant electromagnetic fields. The time reversal methods become especially important for quantum memories of 
^ photonic qubits in quantum repeaters of quantum communications [8] and in quantum computing [9] . 

Optical quantum memory (QM) based on the multi-atomic systems is being studied over the last ten years |10H12j . 
Rich capabilities in storage of arbitrary multi-qubit states of light have been experimentally realized in the photon echo 
based quantum memories |12H18j . The original scheme of photon echo quantum memory |19| .20] has been proposed for 
the light-atom interaction characterized by the perfect time reversal of the input signal field absorption in the photon 
echo emission. Elaboration of the generic Hamiltonian approach to this scheme [5T] has made possible finding the 
quantum state of echo field for arbitrary input light pulse. The photon echo quantum memory technique reproduces the 
basic concepts of Loschmidt echo for time reversal dynamics of atoms and light as a kind of generalized time reversal 
quantum mirror to its classical counterparts in [221 123] . The quantum memory techniques have been also proposed for 
delicate manipulation of single photon states [24] . In particular a possibility of light pulses compression/decompression 
has been proposed for the special scheme of photon echo quantum memory (C/D-PEQM technique) generalized on 
the nonreversible domain of the light-atom interaction |25j and demonstrated in |26j . Such technique can provide 
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FIG. 1: Energy level diagram with atomic transitions for signal/echo pulses with carrier frequencies and temporal 
durations 5ti, Sti/n; control (writing/reading) laser fields have carrier frequencies w lj2 and Rabi frequencies f2i,2. Depicted 
temporal diagram shows scaled shapes and temporal duration of the fields. 

both acceleration of quantum communication by shortening photon wave packets or resonant interaction with the 
atomic media characterized by narrower resonant lines. At the same time an incomplete time reversal restricts the 
capabilities of this technique deteriorating its quality and compression/decompression efficiency. More significant 
increase of unitary light pulse compression (also generally called by quantum waveform conversion) has been found 
for three- wave mixing of the signal light pulse with additional chirped light fields [27j. These results stimulated us 
to study the new capabilities and improvements of C/D-PEQM technique which could be especially valuable for its 
realization with quantum storage and other manipulations of the stored light field states. For these purposes we draw 
our attention to the Raman scheme of photon echo quantum memory 15, 26, 28 32 . Here, we have found more general 
conditions for the time-reversed interaction in the photon echo quantum memory with Raman atomic transition and 
demonstrate its usefulness for quantum waveform conversion of the light pulse i.e. in compression/decompression of 
its temporal duration and deterministic wavelength conversion. 



We follow basic scheme of photon echo quantum memory with controlled reversibility of inhomogeneous broadening 
(CRIB) [HI [33]. Here, the rephasing of atomic coherence is realized via inversion of the atomic detunings on the 
resonant transition and irradiation of echo field in the backward direction to the signal field propagation. New 
opportunities have been found in the CRIB-protocol with spatially distributed inhomogeneous broadening (IB) by 
switching a polarity of the external electric [33] or magnetic [3B, 36J gradient fields for rephasing of atomic coherence 
leading to the echo signal emission. In this case (longitudinal broadening) a highly efficient retrieval of original light 
pulse is possible even for the echo field emission along the propagation of original light field. This protocol is known 
now as a gradient echo memory which opened a wide opportunities for practical realization of generalized CRIB 
protocol. In particular such control of the IB can be realized for the Raman atomic transitions. So we will discuss 
the quantum memory scheme with usual (transverse) and longitudinal IBs. 

Energy and temporal diagrams of the interaction scheme are depicted in Fig[T] where used initial level population 
provides perfect phasematching in the backward echo emission. At time t = the signal light pulse in the state \ipf) 
characterized by the field E\(t,z) — A\{t, z) exp{ikiz} with carrier frequency uj\, wave vector ki ff z, and spectral 
width Suit enters the medium with three-level atoms prepared in the long-lived ground states |1 Q ) = IIj=i 1 1 )i so tne 
initial state of light and atoms is l^) = |^)|l a ). The atoms are simultaneously exposed to an intense control laser 
field characterizes by index v — 1 propagating along wavevector K\ with carrier frequency an d Rabi frequency 
fi„(t, r) = £l v (t) exp{— i(ui^,t — K v r)} (where indexes v = 1, 2 indicate storage and retrieval with writing and reading 
control laser fields) . It is reduced to zero after absorption of the probe field. The signal and writing fields are assumed 
to be in Raman resonance u)\ — ~ W21 with sufficiently large spectral detuning A Q .i = W31 — lo\ from the 1 f> 3 



II. BASIC MODEL AND EQUATIONS 
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transition to avoid real population of excited optical level 3. Total atom-light Hamiltonian is: 

H = H a + H f + %- f + V c , (1) 

where H a = Ylj=i En=i -^n-Pnn is an atomic ensemble Hamiltonian, P£ m = \n)jj(m\, E 3 n is an energy of n-th level 
for j-th atom, Hf = h JJ 1 " 00 dkukak + &k is a Hamiltonian of weak signal and echo light fields. Hamiltonians of the 
interaction between the atoms and quantum light fields V a -f and classical laser fields V c (characterized by its Rabi 
frequencies r) on2f>3 atomic transition) are 

N 2 

Va-f = ~^y^ J~]{9Av(zj) explikyZj]^ + h.c.}, 

3 = 1 v=\ 
N 2 

V c = -fi^] ^{n„(t) exp[-t(ujt - ^f;)]^ + h.c.}. (2) 

3=1 "=1 

[A u i(z'\ A^(z)] — 8 v i tV 8(z' — z), k v = (— """" and n v are the wave vector of photons and refractive indexes in 
the absence of interaction with atoms, and g is the photon-atom coupling constant. 

We assume the optical transition 1 « 3 has a natural inhomogeneous so the atomic frequency detunings A2J = 
u>3l : j — u>3i,o are different and constant for each atom (where u> m i,j is an resonant frequency of j-th atom and w TO i,o 
is a central frequency of the transition 1 •<-> m, m = 2, 3 ). We also suggest that the frequency atomic detunings 
Aij = LU2i.j — ^21,0 on the transition between two lowest levels lf>2 can be controlled for rephasing of the atomic 
coherence and echo emission, respectively. Here, one can use various methods for controlling the atomic detunings 
Aij such as based on the polarity switching of the external electric or magnetic field gradients [33][35]- Another 
possibilities could be realized via the control of atom-atom interactions [3 7) and special preparation of spectral shape 
of the IB on 1 f> 2 transition, such as atomic frequency combs |38| , or using new approaches exploiting even natural 
IB of resonant transitions 39, 40]. 

We use a complete system of Heisenberg equations for the light field and atomic operators in the limit of weak 
signal field [35] where the population of excited levels 2 and 3 can be ignored P(i\^) ~ |^), -P22I*) ~ ^33 1 ^) ~ • 
The system of equations is written for the slowly variable coherences of j-th atom R\ 2 v {f) = P( 2 (t) sxp{—i(p iy (r, Zj) + 
i{uj v -u}l){t+{-iy 'n v Zj I c)} , R{ 3<v (t) = P( 3 (t) exv{ioj v {t+(-iy n v z 3 / c)} where ip v (r, Zj) = -{{-\) v n v u)%Zj /c+K v r). 

and light operators A Vj0 (z,t) = A v (z, t) exp{zw„£}). In the moving system of coordinates: n = t — z/v g and Z = 
(where v g is a group velocity of signal light in the host medium without dopant resonant atoms): 



z 



dRi2,i 



= -i(A 0l i + *i)i2i3,i + *5Ai j0 + ini(ri)i2ia,i, (3) 
= -»Aifli2 ll + ini(Ti)flia 1 i, (4) 
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where n and S are the atomic density and cross section of the signal (echo) fields; we have transferred to the join 
notations for spectral detunings Si and Ai(Z) and have introduced a normalized spectral function G(Si, Ai; Z) of the 
IB for the both atomic transitions lf)3 and 1 f> 2. In the situation of two independent uncorrelated broadenings we 
study two interesting cases. In the first case, we assume homogeneous parameters of the atomic parameters along the 
medium length Gi(<5i,A 1 ;Z) = Gi((5i/<5i.i n )G 2 (A 1 /A 1 .j n ) (called also by "transverse" broadening). In the second 
case, we assume IB on the atomic transition 1 <-> 2 is realized due to spatial dependence of atomic frequencies along Z: 
Cr2(<Si, Ai;Z) = Gi(Si/Sx.i n )G2(Ai/Ai.i n ;Z) where we use G2(Ai;Z) = S(Ai — xiZ) for the gradient echo memory 
(Xu is determined by external field gradient due to Stark (or Zeeman) effect for storage and retrieval (y = 1,2); S u .i„ 
and A„ in are the bandwidths of the IBs for both stages, respectively). 

III. IDEAL SCALABLE TIME-REVERSIBILITY 

Initially we study the case of highly nonresonant Raman interaction in Eqs. (3), (4) characterized by large enough 
spectral detuning from the optical transition |A 0j „| 3> |Aj. „| and |A 0i „| 3> Suj v . Here, taking into account the initial 
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state of light and atoms at n = — oo for Eq.(3) (where -Ri3(— oo, Z)\^>) = ) we get for the excited optical coherence 

£i3,i(n, Z)|*> = J-{ ff i lt0 ( Tl , z) + ni( n )fl 12 ,i(ri, Z)}|*>, (6) 

which demonstrates its adiabatical disappearance together with the signal and control light fields. Similarly we find 
the equations for other atomic and field operators by taking into account the initial state of atoms in |\&). Using Eq. 
(6) in Eqs.(4),(5) we get (written for arbitrary IB shape G 2 {Ax \ Z)): 



ggiy 

dA ho 
dZ 



-z[Ai \R\2,\ + «— gM, o, 



A i 



iJ—Ko+i^ 1 ^ / dA 1 G 2 (A 1 /A 1 . tni Z)R 12A , 



2A 0;1 " 



(7) 
(8) 



where /3 = 2irn g 2 S/v g . 

Eqs.(7),(8) describe nonresonant Raman interaction of the weak light field with three-level atomic medium. Here, 
we focus our attention on specific property of Eqs. (7) and (8) characterized by the tunable absorption coefficient 

/QO 2 

a\ = Ai ^ 2 due to possible variation of spectral detuning A Qj i, effective bandwidth A\^ n of the Raman transition 

and Rabi frequency of control laser field Vt\. We show some changing of these parameters can realize an additional 
hidden time-reversible symmetry of Eqs. (7), (8) that provides reversible compression/decompression of the signal 
light pulses. Taking into account new spectral atomic parameters for echo signal field irradiated in the backward 
direction to the signal light propagation, we write the light-atom equations for the both stages - absorption of signal 
pulse and subsequent echo irradiation as follows: 



— o = -* A v M 12,o+^ 9K.o, (9) 



( l)"+l / n "( T ") 



dE Vi0 

8Z ~ v ^ " 2gA a , 



±0,1/ 

OO 



dA v G v 2 {A u /A u . in ;Z)M 1%v , (10) 



where t 2 — t + z/v gr and Z — z occur for new moving coordinate system of echo irradiation, v = 1, 2 are used for 
both IBs, E v _ — A l/t0 exp(—i(f3Z/2A ^)) and M 12 , v — R\i,v exp(— i(f3Z/2A Also it was assumed slowly varied 
control fields VL u (t v ) and appropriate shifts of Raman resonances for both processes A„ = A„ + (i.e. signal and 
echo fields are in the medium at the constant control laser fields). 



A. Transverse broadening 

In a usual case, shape of IB G 2 (A„/A„.i n ) is characterized by smooth Gaussian or Lorentzian profile. While the 
natural broadenings is also studied in the photon echo quantum memories [391441] . however it also requires additional 
experimental manipulations. Here, it is worth noting a possibility to realize similar smooth IB artificially, in particular 
for the atomic ensembles implanted in optical waveguides. Here, by using the external c/m-fields one can shift resonant 
transitions due to the different magnitude of optical Stark effect depending on the atomic spatial coordinate in the 
waveguide crosssection. Another way to get the controlled smooth IB can be realized for the polarization dependent 
interaction of stochastically oriented permanent atomic dipole moments with external polarized e/m-fields. Changing 
the polarity of the e/m-field at r = f one can invert the frequency detuning of each atom A 2 {r)f) — > —A± that will 
recover the excited atomic coherence leading to the echo signal emission at r ec / lo = 2f , respectively. 

Time-reversibility of Eqs. (9), (10) is revealed by the following symmetry transformation [43] : 

i) A 2 — > — Ai, ii) Z — > —z, in) r 2 — > — t\, iv) E 2 — > —E\. 
where the conditions i)— iv) are hold for the light-atoms equations Eqs. (9), (10) together with coupling the condition 
Vt 2 /A 0:2 = £li/A 0i i which takes place for CRIB in two-level atomic media. An opposite sign of the echo field E 2 
probably reflects well-known difference of relative phases between the light field and excited atomic dipole moment 
which take place for the absorption and emission processes. This is become clear if take into account that Eqs. (9), 
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(10) are also preserved for similar transformation but where the condition iv) is replaced by ivf : M\2,2 — > —-^12,1- 
It is interesting that such manipulation of atomic dipole moments can be performed via using 2tt resonant pulse on 
the adjacent atomic transition even in the presence of signal light field that is possible for the QED cavity scheme 

mug. 

We can preserve the coupling condition by appropriate varying the detuning A Qj 2 and Rabi frequency of the control 
laser field that makes possible to perform the unitary wavelength conversion |28j . Moreover, we can realize more 
general symmetry transformation of Eqs.(9), (10) which provides an ideal compressed/decompressed of temporal 
duration to the factor 77 in the echo field. In order to find the condition we note that such ideal compression of the 
light pulse duration <5r e = St s /t] should be provided by enhancement of the light field amplitude by factor ^ff] |25] 
i.e. (E 2 ) = ^/fj(Ei) in accordance with the energy conservation or the quantum efficiency demands. Taking into 
account this requirement to Eqs. (9), (10) we find the five conditions of perfect scalable time-reversibility for the echo 
emission: 

i- c) A 2 — > —r)Ai, 

ii- c) Z — ► —z, 

iii- c) t 2 -> —Tx/rj, 

iv- c) n 2 (— T2/77) /A 0i2 = y/rjCli(Tt)/A 0>1 . 

v- c) E 2 -> -y/rjEx. 

Similarly we can find another form of the scalable time reversal transformations. Saving first three conditions 
i-c), iii-c), we can rewrite two other conditions in the form of 

iu-c/f2 2 (-T2/»7)/ A 0)2 = -s/fjCliin) /A 0j i, v-c)'E 2 -> y/fjEi, 
thus it is also necessary to implement a scalable time reversal of the reading control laser field. It is possible to save 
the first four conditions i-c) — iv-c) by adding two additional conditions v-c)" E 2 — >= y/fjEi, vi-c) Mi 2) 2 — > — M±2,i- 

Concerning the new scalable time reversal conditions i-c) — v-c), we note the fourth condition iv-c) arises for 
preserving the light-atom interaction strength with new IB bandwidth otherwise the scaling spectral factor 77 will 
decrease (increase) the interaction strength for 77 > 1 (77 < 1). Moreover preserving the condition iv-c) (or similar its 
forms iv-c)') and changing the Rabi frequency of control laser field £l 2 with appropriate tuning the optical spectral 
detuning A a ^ 2 we can realize both the unitary light field compression/decompression and wavelength conversion of 
the input signal light pulse. Similar consideration is also hold for the modified version of symmetry transformations 
based on the additional conditions: iv-c)' — v-c)' , or v-c)" — vi-c)" . 

The new conditions clearly demonstrate richer physical realization of scalable time reversal dynamics in echo 
emission that provides perfect compression/decompression of the original signal light pulse (pulses). The question 
arises is such scalable time reversal possible for another realizations of the Raman echo quantum memory scheme? 

B. Longitudinal broadening 

It is interesting that all the four basic considerations of previous section i-c) — v-c) with two supplement conditions 
are hold for this type of IB if we also realize the backward echo field irradiation. In this atomic system, we switch 
initial IB G { 2 ] = <5(Ai - X \Z) to the new shape with inverted scaled gradient = 5(Ai +r)XiZ) with compression 
factor 77 (x 2 = — VXi so the light pulse compression occurs for rj > 1 and decompression - for rj < 1). Thus, the 
four conditions constitute the generalized time reversal of CRIB based techniques in the Raman scheme that opens a 
perfect method for the light pulse compression/decompression. Moreover the presented intuitive discussion of the main 
physical parameters concerning the light-atom interaction in the longitudinal broadening such as effective absorption 
coefficient and time reversal of echo field profile are also conserved for the forward echo emission as well as. At 
the same time although the quantum efficiency will be the same but the echo pulse will get an additional spectral 
modulation [25] for the forward propagation that should be addressed in some special studies. 

It is worth noting the possibility of gradient echo memory realization using Raman atomic interactions in the media 
with time controlled refractive index |46j . Thus combining the time modulation of refractive index with an appropriate 
intensity of the control laser field determined by the conditions i-c) — v-c) one can also realize the scalable time reversal 
of signal pulse in this scheme. For efficient realization of the described schemes we have to evaluate optimal physical 
parameters where the ideal system of Eqs. (9), (10) can be used for real atomic systems. 

IV. EFFICIENCY OF QUANTUM WAVEFORM CONVERSION 

The discussed ideal scheme of generalized time reversal assumes negligibly small IB width of the atomic transition 
1 -H> 3 with infinitely large spectral detuning A Q . Also it is important to optimize the switching rate of control laser 
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fields in order to provide an accessible quantum efficiency. Below we perform such analysis following the original 
system of equations (3)- (5) and the conditions i-c) — v-c) of the ideal scheme of the pulse compression. 

By using the initial conditions (Ri2(— oo)) = (-Ri3(— oo)) = in Eqs. (3)-(5) for constant control laser field f2i 
and Fourier transformation B{v 1 Z) = f_°° B(j\, Z)e ll/Tl dri (where B(t, Z) is atomic or field operator and B{u 1 Z) = 
(B(i/,Z))) we get its solution 



If.,,-, , 1 ^ 



Ai(n,Z) = — \ dvAx(v,Q) exp(-wn - - / a(u,Z)dZ), (11) 



(i 



oo 2; 
d fx A 7 s ^1 f gA x {y, 0) expH^n - \ J g{y, Z)dZ) 

R 12 (Si, Ai;n,Z) = — / dv — — : —f : — -g, (12) 

2tt J (A o4 + di - v - «73i)(Ai - v - i^ 2 i) - "I 

— OO 

i?i 3 (<5i, Ai;n,Z) = / di/ — — — . -^r , (13) 

J 2tt{(A .i + 5i-v- i73i)(Ai - v - i^ 2 i) - 



where for completeness we have added the phenomenological decay constants 721 and 731 for the atomic coherences 
i?i2 and i?i3, a{v,Z) = —iB f°° f°° y-r — Gi(5iAi,z)(Ai-v-iy 2 i) ^ irfAi is an effective absorption coefficient on 

lz 1J ' ^ ' ' r J-00 J-00 (A o ,i+0i— u— »73i)(Ai— v— 1721)— "1 

the Raman transition. 

Atomic coherences excited after the complete (or partial) absorption when the signal light pulse has already dis- 
appeared in the medium (Ai(ti > t ,Z) = 0) are given by general solutions (12), (13) for time r D 3> Sti . For large 
enough spectral detuning Aq,i > Suji, we have i?i3(r ) = Ao 1+ g' 1 °_ i731 Ri2(t ) from Eqs. (12), (13) in accordance with 
Eq.(6). In order to evaluate the maximum possible quantum efficiency it is enough to study the light-atom dynamics 
at the conditions which are close to the conditions of Eqs. (9), (10). If worry about high quantum efficiency it is 
also necessary to take into account the negative impact of IB on the optical transition 1 f> 3 for small and even 
intermediate values of spectral detuning Ao,i (|Ao.i| > <5i,m and |Ao,i| S> <5i.m). A quite general analysis can be 
performed on the Eqs, (11)-(13) and similar equations for the echo emission stage. However highest quantum efficiency 
is possible only for the relatively small IB and weak optical decoherence 731 -C <5i.i„. Here, the spectral detuning on 

10 1 2 10 1 2 

optical transition Si leads to Ap | + g'°_ i731 — ( see f° r comparison Eq. (7)) where the additional spectral 

detuning on the Raman transition 5i : r = #i(fii,o/Ao,i) 2 . Accounting 81. r in Eqs. (9)-(12) leads to the decay of echo 
field amplitude similar to usual phase relaxation [3HS] by the factors 

r G (5i,i„) = cxp{-i(^i !0 /A a) 4 ((5i :m (r ec/lo (77) - r st )) 2 }, (14) 
^L{h,in) = exp{-(rLi fi /A QA ) 2 6i iin {T echo (r/) - r st )}, (15) 

for the Gaussian (G) and Lorentzian (L) shapes of IB line on transition 1 «-» 3, where T ec i lo (rf) = 1+ ^ T, r ec / IO (l) is the 
time moment of echo pulse irradiation |25| and T s t is the storage time on the long-lived atomic levels 1 and 2 (see 
Fig§. 

Then we are interested for the effect of switching off the control light field to the storage efficiency of all excited 
atomic coherence on the long-lived levels 1 and 2. 

V. SWITCHING THE CONTROL FIELDS 

In order to evaluate an influence of the switching rate we use exponential shape of the control laser field Qi(ti) = 
£li^ e~ k ( Tl ~ T °^ that leads to the following atomic equations 

i(Ai - z 72 i)i?i2 + ^i, e- fc ( Tl - T °> Ri 3 , (16) 
i(A 0i i +61- z 7 3i)#i3 + i^ e- k{Tl - ro) Ri 2 . (17) 



dRi2 
dri 

dRi 3 
dri 
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FIG. 2: Atomic coherence |-Ri3(r)/7?i3(r D )| 2 after switching off the first control laser field (r — r D ^> 1/k) with various switching 
rate in the units of Rabi frequency k/fli. The coherence is given for spectral detunings: Ao,i/f2i,o = 3 (green dashed line), 
Ao,i/f2i,o — 5 (black dot-dashed line), Ao,i/f2i,o = 10 (red dotted line) and Ao,i/fii,o = 20 (blue solid line). 
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FIG. 3: Transfer efficiency to the long-lived coherence after switching off the first control laser field (e t = 
\Rw(t)\ 2 / (|fli 2 (ro)| 2 + \Ri 3 {t )\ 2 ),t-t o » 1/k). The curves are given for switching rate in the units of Rabi frequency fc/fii, 
Ao,i/f2i,o — 3 (green dashed line), Ao,i/fii,o = 5 (black dot-dashed line), Ao,i/fii,o = 10 (red dotted line) and A^i/Oi^ = 20 
(blue solid line). 

By using the substitutions R12 = Ri2e~^ Al+l21 ^ ri ^ T °\ R13 = Ri3e~( lAl+l21 ^ Tl ~ r °\ we transfer to the new atomic 
variables R12 = ^ a Y(^i), R13 — fi a Y(^i) with appropriate timescale fi = e~ fe ( Tl ~ r °)f^ /fc (where a = (1 — W)/2, 
W = —[731 — 721 + i(A 0> i +61 — Ai)]/k) that leads Eqs.(14),(15) to the form of Bessel equation 



d 2 Y 1 dY 
dfj? [i d[i 



1-^F = 0, 

d 2 f idY (a-i) 2 n> _ a 



d/i 2 [i dji 



i 1 



(18) 
(19) 



Using the solutions of these equations 
(fe(r - r ) » 1) 



we find the atomic coherences after switching off the control laser field 



R u (r) = e-PAi-HmXr-T") "f^ (J a -xi? 12 (r ) + iJ a fl 13 (ro)) , 

I (1 — a)M 



(20) 



R 



13 



(r) = ^ (,(A °' 1+ilHl "' (r - T ° ) (2 r ( ";r (jr-ai^RM - iJ-^)R ls (r )^ , (21) 




FIG. 4: Quantum efficiency of the waveform conversion in scalable time reversal as a function spectral detuning Ao, i/fii,o 
and interaction time in the units (r ec h — T st )f2i,o for switching rate fc/f2i f o = 1, optical depth aoL = 200, and Gaussian IB 
shape with spectral width 8i : i n = 0.1f2i,o- 



where M = Ja(n^) Jx-aVh) + J s-i(n^) J_ 5 (^), J&C-nr) and are the Bessel and Gamma functions [47]. 

Figj2] demonstrates decrease of the optical coherence #13(7") after the switching off the control laser field (r — t ^ 
1/fc) for various atomic detunings Ao,i and switching rate k (with weak atomic relaxations 721(1" — tq) <C 1 and 
73i( T — T o) 1). Here, it is seen that efficient depopulation of i?i3(r) occurs for large enough detuning A ,i 
providing almost adiabatic transfer of the optical coherence to the long-lived one. Transfer efficiency et of all the 
excited atomic coherence to the long-lived levels is given by e t — \Ri2(t)\ 2 / (|i?i2( T b)| 2 + l^i3( r o)| 2 ) ■ The extant 
coherence Ris(t) will not contribute to the echo signal propagating in the backward direction. So the unperfect 
transfer efficiency decreases final quantum efficiency of the studied process. In the case of the forward echo emission, 
the optical coherence will be stronger relax decreasing the quantum efficiency, while it is still possible to take advantage 
of this resource in the subsequent faster manipulation of control laser fields. 

We evaluate the efficiency for relatively small IB on the optical transition (A2 ) i„ <C Ao,i). Here, the transfer 
efficiency e t is presented in Fig. [3] for various spectral detuning Ao,i and switching rate k. This figure clarifies how 
increasing the optical spectral detuning for A 01 3> ^1,0 considerably suppresses the negative influence of fast switching 
procedure on the transfer efficiency. Transfer efficiency e t ss 0.96 will happen for a relatively small optical detuning 
Ao,i/f2i,o ^ 5 for fast switching rate. The switching rate k > 20 has a visible negative impact for intermediate 
detuning Ao,i/Oi ; o 10 where et ^ 0.99. As seen in Fig. [3] the retardation of switching rate k increases the transfer 
efficiency, however the use of low-speed switching k is limited by relaxation processes of the optical atomic coherence. 
Moreover we have provide a large enough optical depth of the atomic medium that also limits optical spectral detuning 

in accordance with a\ = ao (j^ffj ■ Thus we have to use an optimal trade off for the switching rate of the control 

laser field and spectral detuning in order to get maximum quantum efficiency for realistic physical parameters of the 
atomic systems. 

Exponential switching on the control reading laser pulse is described the the equations quite similar to Rqs. (16)- 
(19) where k is replaced by " — k" and Ai - by " — ryAi" . If we are interested in the atomic solutions for the condition 
of almost perfect scalable time reversibly, these new parameters will not contribute main influence to the transfer 
efficiency except large change in the echo emission time r ec ^ (?7) and total efficiency of the atomic coherence transfer 
will be determined by the factor ~ e^ r . All the decoherent processes discussed are repeated for the echo emission stage 
similar to the influence of extra detuning 6i,r slightly modified by the scaling factor ij. This a result the echo emission 
is weakly modified time reversal copy of the absorption stage. Thus we have analyzed the basic factors determining 
negative impact to the storage efficiency in the physical model of Eqs. (3)-(5) and Eqs. (9), (10). By taking into 
account all the spectral effects we get the following relation for the total quantum efficiency 



e = r G?,L(^,*n)4-|l ~ exp(-aiL)| 2 . 



(22) 



9 



k/n li0 







e 



1.00 



0.95 



0.90 



0.85 




4 



FIG. 5: Quantum efficiency as a function of switching rate k/Q 1 ,o and spectral detuning Ao^i/fi^o for short interaction time 
(Techo — T st )f2i,o = 10, optical depth aoL = 200, and Gaussian IB shape with spectral width 5\^ n — 0.1£ii,o- 

where the latter factor in e reveals an influence of optical detuning Aq^ and Rabi frequency Q u to finite optical depth, 
L is a spatial length of the medium. 

Efficiency of the quantum waveform conversion (22) is depicted in the Fig. fusing quite typical atomic parameters 
for experiments with condensed and gaseous atomic systems. Fig. [4] demonstrate possible optimal values of detuning 
Ao,i and interaction time T ec ho — T st in a presence of the writing and reading control field. As seen in the figure, 
maximum efficiency takes place for relatively small interaction time. For large enough interaction time, one can find 
a local maximum at the frequency detuning Ao.i ~ 6.5f2i. This maximum arises due to suppression of the atomic 
dephasing caused by IB on 1 «-» 3, however further increasing of A 0i i reduces considerably the effetive optical depth. 
In the domain of highly efficient waveform conversion (for small interaction time), one can see a large influence of the 
switching rate in Fig. [5] providing almost perfect light pulse compression/decompression and wavelength conversion. 

Leaving more detailed complete discussion of the negative factors in scalable time-reversibility we note that the the 
quantum efficiency e characterizes general features of quite perfect transformation for weak light pulse on the single 
photon levels and can be used for study of single and multi-pulse light fields. Even the control laser field is switched 
off in the absence of signal light pulse, the situation requires the location of the optimal parameters of writing and 
control laser fields that makes topical the problems of high quantum efficiency similar to the optical quantum memory 
based on the electromagnetically induced transparency |48j . 



Main idea of deterministic quantum waveform conversion is based on the observed general condition for scalable 
time reversal interaction between the absorption stage of the signal light pulse and of echo emission stage. It is 
worth noting the Maxwell's equations reveal rich symmetries which were a subject of deep long-term studies [3] and 
the scalable time reversal symmetry is a new type of the discrete symmetry of light-atoms dynamics which arises 
in the media with specific controlled spectral properties of resonant atoms. The generalized condition demonstrates 
various physical possibilities for its realization that opens a way for theoretically perfect compression/decompression 
of the signal light pulse. Since the technique is realized via the quantum memory process, it is naturally integrated 
with long-lived storage of the input signal light pulses with additional manipulation of the light state such as its 
wavelength conversion. The technique can be also realized with transformation of the original input photon wave 
packet into two-color single photon field and for multi-pulse reading of the stored light field that can be used for 
effective generation of the time bin photonic qubits. It is possible via partial reversible transfer the stored atomic 
coherence to some additional long lived transition (1 f> 4) with subsequent readout in the second echo signal. It 
is worth noting usefulness of these opportunities for quantum storage of broadband entangled multi-photon fields 
[111 [18] in quantum engineering of the quantum states of light. 

The discussed time reversal light-atom dynamics opens new promising possibilities for time-resolved technique in 
study of fundamental interactions in the atomic systems due to more intelligent treatment of the light-atom interaction 
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and for practical applications in quantum optics and communication. 
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